A polymer-electrolyte fuel cell depends on proper water management to obtain high performance. During operation, liquid water is generated in the cell. When it is not properly and adequately removed, accumulation leads to poor fuel-cell performance by reducing and blocking the gas pores in the catalyst and gas-diffusion media. To address this problem, gas-diffusion media are often coated with a wet-proofing agent. This approach results in reduced pore size and volume resulting in lower transport properties, as well as inducing durability and performance issues due to the inherent non-uniformity. To overcome these issues, an alternative wet-proofing process called direct fluorination was developed. In this approach, fluorine gas reacts with carbon to create a more uniform, durable, and consistent wet-proof surface without affecting the morphology of the media. The fluorinated media showed capillary pressure properties that are more suitable for fuel-cell application. Fuel cells with fluorinated materials in the cathodes showed better performance, lower ohmic resistance, and lower liquid water amount in the cathode. These advantages are attributed to having a better wet-proofed fluorinated media at the cathode that forces water back to the anode, thereby keeping the membrane more hydrated and reducing the amount of water in and transported out of the cathode. A proton-exchange-membrane (PEM) fuel cell depends on proper water management to obtain high power density and energy efficiency. During operation, liquid water is generated in the fuel cell at the cathode due to oxygen reduction, and may also exist at the anode due to transport through the membrane or condensation. When it is not properly and adequately removed, this liquid-water accumulation leads to poor fuel-cell performance by blocking the gas pores in the catalyst and gas-diffusion media (GDM) and forming an additional transport barrier over the reactive area. To address this problem, GDM, such as non-woven carbon papers or woven carbon cloths, used in PEM fuel cell electrodes are treated with polytetrafluoroethylene (PTFE) or tetrafluoroethylene-hexafluoropropylene (FEP) to wet-proof the substrate surface. Wet-proofed surface in the GDM repels liquid water and provides pathways for gaseous reactant transport.
A proton-exchange-membrane (PEM) fuel cell depends on proper water management to obtain high power density and energy efficiency. During operation, liquid water is generated in the fuel cell at the cathode due to oxygen reduction, and may also exist at the anode due to transport through the membrane or condensation. When it is not properly and adequately removed, this liquid-water accumulation leads to poor fuel-cell performance by blocking the gas pores in the catalyst and gas-diffusion media (GDM) and forming an additional transport barrier over the reactive area. To address this problem, GDM, such as non-woven carbon papers or woven carbon cloths, used in PEM fuel cell electrodes are treated with polytetrafluoroethylene (PTFE) or tetrafluoroethylene-hexafluoropropylene (FEP) to wet-proof the substrate surface. Wet-proofed surface in the GDM repels liquid water and provides pathways for gaseous reactant transport. [1] [2] [3] [4] Furthermore, when bilayer GDM that have a dense and hydrophobic microporous layer (MPL) supported by a macroporous layer are used in a PEM fuel cell, it is believed that lower liquid-water-saturation levels in the cathode are achieved because the dense and highly hydrophobic MPL 1) reduces the liquid-water saturation level at the catalyst layer/MPL interface thus enabling gas access from the GDM to the catalyst layer, 2) reduces the amount and locations of liquid water that can be transported from the catalyst layer into the macroporous support layer, and 3) forces a significant amount of liquid water in the cathode across the membrane back to the anode, thereby helping to make the anode side of the membrane more hydrated. [5] [6] In addition to the effect on water management, the dense and smooth MPL also provides better electrical contact between the catalyst layer and the GDM. The use of wet-proofed single and, especially, bilayer GDM has resulted in significantly improved fuel-cell performance. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] GDM are currently wet-proofed by physical coating of the media substrate with either PTFE or FEP. The physical coating process is discussed in detail in the literature [7] [8] [9] [10] and can be summarized as * Electrochemical Society Fellow. * * Electrochemical Society Student Member. * * * Electrochemical Society Active Member.
d Present Address: Department of Chemistry, National University of Laos, Vientiane, Laos. e Present Address: Department of Mechanical Engineering, Osaka University, Osaka, Japan. z E-mail: cptvn@ku.edu follows. For the macroporous GDM, the process involves washing the GDM in a solvent to clean the surface followed by repeated dipping of the GDM in a diluted solution of PTFE or FEP and drying until a desired solid loading is achieved. To create a MPL, carbon powder and PTFE dispersed in a solution are mixed, applied onto one side of the macroporous layer and heat treated to remove the solvent and disperse the PTFE.
It has been found that PEM fuel cells with PTFE-coated GDM in general have greater performance than those with untreated GDM, and the best performance was obtained when the PTFE contents are optimal, ∼10% by weight for the macroporous substrate layer and ∼20 to 35% for the MPL depending on the operating conditions. 3, 7, 10 Prior studies also showed that too little or too much PTFE contents in the GDM can lead to poor PEM fuel-cell performance. For example, low PTFE content results in high liquid-water saturation level in the porous structure and pore flooding during operation, while high PTFE content can lead to reduced pore volume and size and low gas permeability. High PTFE content can also result in high ohmic resistance in the MPL and high contact resistance for the GDM when the PTFE accumulates on the GDM surfaces.
These effects can be explained further as follows. As more PTFE is added to a GDM, more surfaces of the fibers, for the case of the macroporous layer, and carbon powder, for the case of the MPL, in the GDM are covered with PTFE, which increases the hydrophobicity of the GDM, reduces the liquid-water saturation level and enhances liquid-water removal rate in the GDM during operation. However, once the surface of a particular region in the GDM is fully covered, additional PTFE leads to reduced pore volume and size, and higher contact resistance if the excessive PTFE resides on the outer surface of the GDM. For the MPL, excessive PTFE content can lead to both high contact and ohmic resistances because the PTFE can form a layer between the carbon particles as compared to the macroporous layer where the carbon fiber network is already established and the PTFE can only coat the fiber surface. Cheng et al. showed that although open pores in the GDM were observed in the un-treated GDM, most of these pores were sealed when the PTFE content was over 40% by weight. 14 Furthermore, because of the interconnecting carbon-fiber-network nature of a GDM like the macroporous substrate layer, more PTFE accumulates at the intersections of the carbon fibers than on the fibers leading to nonuniform distribution of PTFE. 15 So, complete coverage of the fibers surface requires excessive PTFE content and significant pore volume and size reduction in a GDM. Prior work by Wang et al. 16 also showed that PTFE often migrates to the outer surface of the GDM during high temperature treatment resulting in both nonuniform distribution of PTFE in the pores and excessive PTFE on the outer surface of the GDM. To avoid this issue, a low PTFE content is used in existing GDM in PEM fuel cells with the consequential effect of only partial PTFE coverage of the carbon fibers. The GDM wet-proofed by physical coating with a wet-proof agent like PTFE or FEP also exhibit durability issues. Since the PTFE coating is attached to the substrate by means of weak Van der Waals forces, it could separate from the substrate surface due to physical changes like expansion and contraction, water penetration into the PTFE and carbon interface, and shear force by fluid flow during the operation of a fuel cell. 15 To address the issues highlighted above, a surface modification process called "direct fluorination" was investigated to see if it could be used to create more uniform and durable wet-proofed surface in a GDM with minimal or no effect on its morphological and transport properties. 17 The surface modification process by direct fluorination involves reacting carbon-based GDM with fluorine gas to form functional groups such as CF, CF 2 , and CF 3 on the surface of the carbon substrate to create the surface hydrophobicity. The bulk carbon material is not affected by this method. [18] [19] [20] [21] Direct fluorination at high temperatures is chosen because of the high surface coating level that can be attainable with this approach and the fact that only the outer surface of the substrate was modified while the inner structure is unchanged. Also, this process is simpler and the potential for contamination by another component is eliminated. Since the wet-proof surface is formed by fluorine atoms that are chemically bonded to the carbon substrate, it is expected to be much more durable. Also, since the thickness of this surface layer is at the nanometer scale, it is not expected to affect the void volume or gas permeability of the porous medium. A somewhat related concept was investigated by Thomas et al. using electrografting of hydrophobic molecules onto the carbon-fiber surface. 22 The electrografting approach offers the use of different wet-proofing molecules and low-temperature synthesis. However, this process can potentially introduce contaminants into the GDM, and unless one can ensure that all of the carbon surface is in contact with the electrografting electrolyte, complete coverage of the carbon surface may not be achieved.
Direct fluorination of carbon materials has been investigated for many applications ranging from low friction and durable materials for lubrication to materials for lithium-ion batteries. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] In these studies, carbon powder materials were reacted with fluorine gas from 350 to 600
• C, with the value of x in the compound CF x on the surface of the carbon materials varying from 0.6 up to 1, respectively. Treatment at lower temperatures (<300
• C) was found to result in materials with poorly fluorinated surfaces, and treatment at higher temperatures (<700 • C) resulted in materials with higher x values due to the formation of CF 2 and CF 3 groups on the surface and loss in carbon material due to the formation of gaseous CF 4 product.
In this paper, the direct-fluorination process used to wet-proof carbon GDM is discussed and the characterization and fuel-cell performance test results are presented.
Experimental
Direct fluorination.-The surface modification process by direct fluorination involves reacting carbon-based GDM with fluorine gas to form functional groups such as CF, CF 2 , and CF 3 on the surface of the carbon substrate to create surface hydrophobicity. A process flow diagram of the experimental setup is shown in Figure 1 . The reaction was carried out in a small reactor placed in a temperature controlled oven (Carbolite, Model ELF 11/6B). The reactor and the tubing and fittings attached to the reactor were made of nickel, which was selected because of its corrosion resistance to fluorine at high temperature. The reactor consisted of two nickel plates with a single through-hole drilled on each plate for gas inlet and outlet. The plates were sealed by a rectangular ring graphite gasket with the cut-out center (3.4 cm × 3.4 cm) opening for the samples and gas flow. A thermocouple embedded in one of the end plates was used to monitor the temperature of the reactor during the treatment process. In the preliminary study, flat graphite foil (GrafTech, GTA-0.015 inch) samples, that were slightly smaller than the opening of the graphite gaskets, were used to determine the optimal treatment temperatures (i.e., temperatures that would lead to highest water contact angles). Once an optimal temperature range was determined from the solid graphite sheet study, porous GDM were used to determine the optimal treatment time. When GDM samples were used, the thickness of the graphite foil gaskets was selected such that the GDM sample was slightly compressed around the edges to force the fluorine gas mixture to flow through the sample. Figure 2 shows a cross-sectional view of the reactor and the placement of the sample(s) for two different configurations. The 1-sample configuration was used to prepare samples for physical testing (contact angle, capillary pressure, SEM, XPS, and EDX). The 3-sample configuration was used to prepare samples (the middle layer) for fuel-cell testing. In the 3-sample arrangement, the outer surfaces of the middle layer that was used for fuel-cell testing were protected from being fluorinated so that good electrical contact of the GDM with the catalyst layer and the flow-field plate was maintained. Note that multiple middle layers could be used to treat multiple samples simultaneously; more on this configuration will be discussed later in the results section. To protect the external carbon surface of the wanted GDM from fluorination, the GDM were stacked with similar surfaces in contact.
That is, the MPL of one GDM was in contact the MPL of another GDM, and the GDL of one GDM was in contact with the GDL of another GDM. A premixed gas mixture of 20% fluorine in argon (Linde Specialty Gases) was used for the treatment. Gas mixture with higher fluorine compositions could be used and might reduce the reaction time; however, for safety, a lower fluorine composition gas mixture was chosen. Furthermore, to minimize the emission of unreacted fluorine, recirculation of the fluorine-gas mixture was also applied (see Figure 1 ). Pure argon was used for purging at the beginning and end of the experiment. A solution of 1 M NaOH (or KOH) was used to neutralize unreacted fluorine (
in the exhaust stream. The whole setup was checked for gas leaks prior to each test and operated in a vented hood. The operating procedure was as follows:
1. The reactor was continuously purged with argon, set at 120 kPa, as the oven was heated to the operating temperature. The temperature of the reactor was monitored with an attached thermocouple. During this time, the gas exhaust was vented directly to the hood. 2. Once the reactor reached the desired temperature, the setup was again checked for gas leaks. Once no leak was found, gas flow was switched from pure argon to the fluorine and argon gas mixture, set between 115 to 120 kPa, and the exhaust stream was switched from direct vent to the NaOH treatment bottle and vented thereafter to the hood. Once the reactor was considered to be sufficiently purged of argon, the fluorine-argon gas exhaust could be shut off and the system could be operated under constant pressure batch or closed-loop mode to minimize emission of unreacted fluorine. 3. The GDM was treated for a specified duration and the gas flow was then switched back to pure argon as the reactor was allowed to cool to room temperature. 4. Once the temperature of the reactor reached room temperature all gases were shut off and the reactor was removed from the oven for disassembly and sample removal. 5. The materials were stored in ambient environment and used without additional treatment.
Physical and chemical characterization.-XPS and SEM were used to determine the surface and bulk C:F ratio and morphology of graphite foil and GDM after treatment. Confirmation of fluorination of interior surface was done by measuring XPS and SEM/EDX of crushed GDM. Static contact angle of water droplet on the media's solid surface was measured for both the graphite foil and GDM to determine the relative change in the hydrophobicity of the material's external surface. The water-droplet contact angles were obtained using the procedure described in the appendix. Multiple droplets (3 to 4) on various locations on the sample were used to check for uniformity. The reported values are the averaged values of these measurements. Both surfaces of single-layer GDM (i.e., only GDL) were analyzed. For bilayer GDM, only the exposed surface of the macroporous GDL was analyzed. For internal surfaces, capillary pressure curves of untreated versus treated GDM were measured using the water-intrusion method reported in the literature. 32, 33 Fuel-cell testing.-The fuel-cell performance of fluorinated samples was evaluated at the University of Kansas in a H 2 /Air PEM fuel cell at room temperature (∼22
• C) to assess the effect of these materials on the performance of a PEM fuel cell as compared to that obtained with conventionally treated commercial GDM. These fluorinated materials were also tested at Tokyo Institute of Technology (Tokyo Tech) in a PEM fuel cell set up that was equipped with a soft X-Ray radiography system to allow in-situ monitoring of the liquid water dynamics in the electrode membrane assembly (MEA) of a PEM fuel cell during operation. This setup was used to gain more insights of the relationship between the liquid-water dynamics (saturation level and distribution) in the various layers in an MEA and the fuel-cell electrical performance.
For the data obtained at the University of Kansas, we used a fuel cell that had an active area of 2.25 cm 2 (1.5 cm by 1.5 cm), an anode made of a conventionally treated commercial bilayer GDM (SGL 35 BC) with a 0.5 mg Pt/cm 2 loading catalyst layer applied on the MPL side, a cathode made of a fluorinated bilayer GDM (SGL 30 AC or 35 BC) with a 0.5 mg Pt/cm 2 catalyst layer applied on the MPL side, and a Nafion 212 membrane. Interdigitated flow fields were used on both anode and cathode sides. Solid PTFE gaskets with proper thicknesses were used to ensure that GDM were compressed to only 80% of their uncompressed thicknesses. This approach prevents the GDM from being crushed, eliminates the need to control the compression level, and is more reproducible. For the baseline case, the same electrode used for the anode was also used for the cathode. Hydrogen gas saturated with water vapor at 22
• C and 120 kPa was circulated through the anode (H 2 ) side in a closed loop at 660 cm 3 /min or 42 A/cm 2 equivalent, and air at ambient pressure and 66 cm 3 /min or 1.8 A/cm 2 equivalent was applied to the cathode (O 2 /air) side. For the data obtained at Tokyo Tech, we used a specially designed fuel cell and setup, as shown in Figure 3 , to allow the liquid-water distribution in the fuel cell to be imaged by soft X-ray during operation. More details on this setup are available in an earlier work. 34 This fuel cell had an active area of 0.12 cm 2 (0.1 cm by 1.2 cm), an anode made of a conventionally treated commercial bilayer GDM (SGL 24 BC) with 0.27 mg Pt/cm 2 catalyst layer applied on the MPL side, a cathode made of a fluorinated bilayer GDM (SGL 30 AC) with 0.27 mg Pt/cm 2 catalyst layer applied to the MPL side, and a Nafion 212 membrane. Hydrogen and air saturated with water vapor at 65
• C and 50 cm 3 /min (60 A/cm 2 equivalent for H 2 and 25 A/cm 2 for air) flow rate were applied to the anode and cathode, respectively, while the fuel cell was maintained at 65
• C. A fuel cell test system by NF Corporation comprising of Fuel Cell Analyzer (AS-510-4), Frequency Response Analyzer (FRA 5014), and Electrochemical Analyzer (AS-510-ECA03) was used to obtain the fuel cell polarization curves. The fuel-cell internal resistance was acquired at OCV and during load operation at 10 kHz using the same system. Liquid-water content profiles in the fuel cell were obtained by soft X-ray radiography using the procedure given in an earlier work.
34 Table I summarizes the 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 m m relevant properties of the GDM used in the fuel-cell studies. Multiple types were used because the supplier (SGL Carbon) stopped manufacturing some of the materials during the course of this study, and some materials were selected because of their applicability in different applications including transportation and portable, air-breathing PEM fuel cells.
Results and Discussion
Direct fluorination.-Since the static liquid-water-droplet contact-angle technique was used to characterize the surface hydrophobicity created by the direct fluorination process, solid graphite sheets were used initially to minimize errors introduced by droplet pinning on discontinuous substrates. 35 Once the optimal temperature range was determined with these graphite solid sheets, these same conditions were applied to the porous carbon materials. Figure 4 shows both the preliminary results obtained with solid graphite sheets and those with porous carbon-fiber media. A reaction time of 10 minutes was found to be more than adequate to fluorinate the exposed surfaces of a 3 cm by 3 cm solid graphite sheet. The contact-angle results for the solid graphite sheet study are shown as red square symbols in Figure 4 . Note that the contact angles given at 22
• C were for untreated samples, included here for comparison purpose. The results for this case study show that the sample surface hydrophobicity increased with the treatment temperature and reached its highest levels in the temperature range of 350 to 408
• C. Beyond this range, the surface hydrophobicity decreased, and, as suggested in the previous section, this decrease in surface hydrophobicity could be attributed to the formation of volatile CF 4 product exposing the carbon sublayers and making the surface less fluorinated. Note that the surface contact angle of the sample treated at 500
• C was very close to that of the untreated sample (67
• vs. 62 • ). Finally, the amount of carbon loss by the formation of volatile fluorocarbon products was very small as no weight change was detectable by the balance (accurate to 10 μg while sample size was >90 mg) used in this study.
The blue diamond symbols represent the contact angle results of a GDM (Toray 060) treated at the same temperature range and for the same duration (10 minutes), and the green triangle symbols are those of the same GDM (Toray 060) treated for 30 minutes. First, the results of these runs show that porous media with rougher and non-continuous surface show higher static water-droplet contact angles than flat, solid graphite sheets. Second, the shape of the contact angle results in the 350 to 600 • C range for the GDM treated for 10 minutes is different from that of the GDM treated for 30 minutes; however, the shape of the results of the GDM treated for 30 minutes is very similar to that of solid graphite sheets treated for 10 minutes. This difference shows that for high carbon surface area materials like Toray 060, longer reaction time was needed to fluorinate all the exposed carbon surface area. Finally, for bi-layer GDM that have even higher surface areas (e.g., MPLs composed of fine carbon powder), a longer (1 hour) treatment time was used.
In general, higher variations in contact angle were observed with porous GDM than with solid graphite sheets as expected because of the non-uniform surface roughness of porous GDM. XPS and EDX results of crushed GDM confirmed that fluorination occurred across the sample. However, complete fluorine coverage could not be ascertained because of exposed cross-sections of broken carbon fibers. The capillary-pressure curves, presented later, are reliable indicators of internal wetting properties of GDM and provide better evidence of fluorination of the internal GDM carbon surfaces. Limited durability was also evaluated by comparing the liquid-water-droplet contact angle on the sample before and after boiling the sample in DI water for 2 hr and drying it overnight at 80
• C. The averaged contact angle after boiling decreased by 3 to 5 degrees. This level of contact-angle decrease was also observed for PTFE treated GDM; so no conclusion was drawn. The decrease could be due to contamination or small changes in the carbon-fiber structure during boiling. While this test may be too short to determine the long-term durability, fluorinated carbon developed for other applications, such as lubrication, has shown high durability. Finally, note that water-droplet contact angles, XPS, and SEM/EDX were used as qualitative data to optimize the direct-fluorination process. The results of the capillary-pressure measurements and fuel-cell test were used to correlate quantitatively the effect of wet-proofing by fluorination.
Physical and chemical characterization.-No visible difference in appearance was observed; the SEM/EDX results for a GDM (Toray 060) fluorinated at 350
• C for 30 minutes shows that the amount of fluorine needed to wet-proof these carbon GDM was extremely small. same fluorinated material ( Figure 5 ) shows that the surface fluorine to carbon ratio is about 0.7:1 (41:58), which is very close to 1:1 for C-F formation taking into consideration that XPS probes more than the first atomic layer of the surface. However, analysis of the XPS spectrum in the C1s region shows two carbon-fluorine peaks, 289 eV for CF and 291 eV for CF 2 . No further efforts were conducted to determine the ratio of CF to CF 2 bonds. Figure 6 shows the static water-droplet contact-angle results of Toray 060 untreated (a), commercial Toray 060 with 10 wt% PTFE (b), and directly fluorinated Toray 060 at 350
• C and 30 minutes (c). The results show that the untreated sample had the lowest contact angle (115 • ) and the treated samples had higher contact angles with that of the fluorinated sample slightly higher (138
• ) than that of the commercial material with 10 wt% PTFE (133
• ). It is important to highlight that conventionally treated commercial GDM tend to have higher PTFE on the outer surfaces than inside the materials. Figure 7 shows the capillary pressure (P C = P L -P G ) -saturation curves for the same three Toray 060 samples. Each graph shows three cycles that started with a dry sample under negative capillary pressure (high gas pressure), where water was first imbibed and then cycled by changing the gas pressure. The most significant characteristics of these curves as far as fuel-cell application is concerned are the points highlighted by the blue circles and arrows. The liquid-water saturation levels marked by the arrows represent the irreducible saturation levels (i.e., the lowest water-saturation levels (S min ) or contents that one can reduce to in these GDM), where the liquid phase becomes discontinuous. These S min levels would not be observed in an operating PEM fuel cell because PEM fuel cells don't operate in the negative capillary pressure region. The liquid-water saturation levels marked by the circles at zero capillary pressure, P L = P G , (S Pc0 ) are the lowest liquidwater saturation levels in these GDM that one can reduce to in a PEM fuel cell assuming saturated feeds and pressure equilibrium. These values are also very close to the breakthrough pressure of the liquid phase in the GDM, as witnessed by the sharp increase in the curves. 5, 6, 36 As expected, the non-wet-proofed or untreated GDM had the highest S min and highest liquid-water saturation level at zero capillary pressure (S Pc0 ), demonstrating its greater hydrophilicity. With higher hydrophilicity or more wetting pore surfaces, more liquid water was trapped in the porous medium when the liquid water became disconnected during draining resulting in a higher S min level. The 10% PTFE Toray 060 and the directly fluorinated Toray 060 had the same S min level, that was lower than that of the non-wet-proofed GDM, but the fluorinated GDM has the lowest S Pc0 level. This difference can be explained as follows. When the carbon-fiber surfaces were sufficiently wet-proof, the amount of trapped liquid water was sufficiently reduced to give the same S min level, within measurement limits, during drainage. Note that because of the different pore sizes and pore interconnectivity, even a completely hydrophobic porous medium could still retain liquid water during drainage because of phase disconnection. The difference between the S min level and the S Pc0 level, therefore, represents the small amount of trapped or hydrophilic pore volume remaining in the porous medium between those two capillary pressure points. In this case, we see that the difference between the S Pc0 and S min levels of the fluorinated sample was almost zero (S Pc0 = S min = 0.045) because the carbon surface was totally covered while that for the PTFE treated sample is 0.06 (S Pc0 = 0.105 and S min = 0.045). Figure 8 shows the capillary pressure curves of a bilayer SGL 30 AC as received and after treatment by direct fluorination. An SGL 30 AC GDM has a non-wet proofed (0% PTFE) macroporous layer and a hydrophobic MPL. During direct fluorination, both of the exposed carbon fiber surface in the macroporous layer and the exposed carbon powder in the MPL would be fluorinated. The capillary-pressure curves were obtained only for the macroporous layers of these materials. In this test, liquid water was injected into and withdrawn from the sample through the surface of the macroporous layer. The MPL, because of its higher hydrophobicity, does not significantly affect the capillary pressure curve of the macroporous layer especially in the low capillary-pressure region. 37 The MPL in this case acted as a porous hydrophobic medium on top of the GDL. As observed with the single layer Toray 060 GDM in Figure 7 , the directly fluorinated SGL 30 AC sample had lower S min and S Pc0 than those of the as-received non-wet proof SGL 30 AC.
Fuel cell testing.-Fluorinated SGL 35 BC was added to the study to see the effect of direct fluorination on a conventionally treated GDM. As highlighted earlier, since the SGL 35 BC GDM is already wet-proofed by the conventional method, treating it with direct fluorination would basically wet-proof the remaining uncovered carbon surface in the macroporous and MPL of this material or make it into a completely wet-proofed material. We would expect this fluorinated material to have a lower S Pc0 , higher gas permeability and, therefore, better fuel-cell performance than the conventionally treated GDM. Figure 9 shows the fuel-cell test results obtained with these materials in the same fuel cell operated at room temperature (∼22
• C), a low temperature condition where we would expect water flooding to be more severe. The data were corrected for IR loss using the resistance measured by EIS at open circuit. As shown in Figure 9 , the fuel cells with the standard 35 BC cathode and the fluorinated 30 AC cathode gave the same performance up to around 0.2 A/cm 2 . Beyond this current density, their performance began to deviate with the fuel cell with the conventionally treated 35 BC GDM at the cathode showing a steeper dV/dI slope as a result of higher concentration polarization or mass-transport losses than that of the fuel cell with the fluorinated 30 AC GDM. The fuel cell with the fluorinated 35 BC GDM at the cathode had the same performance as the other two cells up to about 0.1 A/cm 2 , but maintained much better performance beyond this current density showing negligible mass-transport effect as shown by the relatively constant dV/dI slope up 0.45 A/cm 2 . This superior performance could be attributed to the fact that the SGL 35 GDM has slightly higher porosity and gas permeability than the SGL 30 GDM (see Table I ), and when this SGL 35 GDM was better wet-proofed, it could result in better performance than the conventionally treated SGL 35 GDM where not all the carbon surface of the GDM was coated with PTFE. Figure 10 shows the fuel-cell performance (a) and internal (HFR) ohmic resistance (b) during operation of the fuel cell tested at Tokyo Tech. This fuel cell used SGL 24 BC, a thinner (∼200 μm) GDM that is supposed to give better performance by reducing the transport distance, for the anode and the same GDM for the cathode for the base case and a fluorinated SGL 30 AC (∼300 μm) for the cathode in the other case in this comparative performance study. Note that this test was conducted at a high temperature (65
• C) where higher current densities could be obtained. The cell voltage presented in Figure 10 was also corrected for IR loss as in the study presented in Figure 9 . The results show that the fuel cell with the cathode made of the fluorinated SGL30 AC gave better fuel-cell performance beyond 0.5 A/cm 2 and lower internal ohmic resistance over the whole current density range. Figure 11 shows the liquid-water distribution in these two fuel cells at 0.8 A/cm 2 obtained by soft X-ray radiography. These water distribution results are quite illuminating. For the fuel cell with the conventional SGL 24 BC at the cathode we saw most the liquid water situated in the cathode GDL and gas channels. For the fuel cell with the fluorinated SGL 30 AC, we saw very little water in the cathode gas channel and most of the water in the cathode GDL was situated above the ribs of the flow field while the cathode GDL region above the flow channel was more open for gas transport. Furthermore, the fuel cell with the fluorinated GDM also showed a highly water-saturated membrane. These results support our earlier hypothesis that a highly hydrophobic GDM at the cathode would help create high capillary pressure (i.e., liquid pressure) condition at the cathode that helps drive water through the membrane back to the anode and reduce the amount of water transported out of the cathode. With less water present in the cathode GDM, a reactant gas like oxygen would have better access to the catalyst layer; and with more water transported back to the anode, one would expect the membrane to be more hydrated as observed in the fuel cell with the fluorinated GDM. This last point agrees well with the low ohmic resistance results obtained with the fuel cell with the fluorinated GDM at the cathode.
Conclusions
Direct fluorination by reacting carbon substrate with fluorine gas was found to be a suitable way to wet-proof carbon gas-diffusion media (GDM). The optimal temperature range for fluorination was found to be between 350
• C and 400
• C. The reaction time depends on the amount of expose carbon surface that needs to be treated. For the gas-diffusion media used in this study (Toray 060 and SGL 35 and 30) 30 to 60 minutes with a 20% fluorine-argon gas mixture was sufficient.
Gas-diffusion media treated by direct fluorination had similar or slightly higher surface static water-droplet contact angles. However, the capillary-pressure properties such as liquid-water saturation at zero capillary pressure, S Pc0 , and the difference between the irreducible saturation level and saturation at zero capillary pressure (S Pc0 -S min ) of the direct fluorinated media were lower than those of conventionally PTFE-treated media. These changes directly correlated with fuel-cell test results obtained at room temperature and 65
• C, which consistently showed better performance when fluorinated GDM were used at the cathode. Liquid-water distribution results obtained at a relative high current density, 0.8 A/cm 2 , from soft X-ray radiography, showed less water content in the GDL and flow channels on the cathode side and a more hydrated membrane. These observations support the hypothesis that having a highly hydrophobic GDM at the cathode helps create a high capillary-pressure condition at the cathode that drives water back to the anode and reduces the effective liquid pressure and amount of water transported out of the cathode. With less water present in the cathode GDM, oxygen has better access to the catalyst layer, and with more water transported back to the anode, one expects the membrane to remain more hydrated. This last point agrees well with the low ohmic resistance results obtained with the fuel cell with the fluorinated GDM at the cathode.
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